Recently, several B-physics experiments have reported an appreciable deviation from the Standard Model (SM) in the tree-level observables R D ( * ) ; the combined weighted average now stands at ≈ 4σ. We first show the anomaly necessarily implies model-independent collider signals of the form pp → bτ ν that should be expediously searched for at ATLAS/CMS as a complementary test of the anomaly. Next we suggest a possible interconnection of the anomaly with the radiative stability of the Standard Model Higgs boson and point to a minimal effective supersymmetric scenario with R-parity violation as the underlying cause. We also comment on the possibility of simultaneously explaining the recently reported R K ( * ) anomaly in this setup.
INTRODUCTION
In the past few years, several B-physics experiments, such as BaBar, LHCb and to a lesser degree Belle, seem to find an extremely interesting and surprising anomaly in simple semi-leptonic decays of B-mesons [1, 2] . The ratios, R D ( * ) of the branching ratios
where = e, µ for BaBar and Belle, while = µ for LHCb, indicate appreciable deviations from the Standard Model (SM) expectations. These ratios are independent of CKM angles and have strongly reduced hadronic uncertainties. This simple comparison of B-decays to τ with decays to µ or e has long been suggested [3] [4] [5] [6] as sensitive probe of new physics (NP) beyond the SM. The experimental world averages of BaBar [7, 8] , Belle [9] [10] [11] [12] [13] , and LHCb [14, 15] from the Heavy Flavor Averaging Group [16] read 
with a mild negative correlation of −0.23. One recent SM prediction for these ratios reads [17] 
with an error correlation of +0.44; see also [18] [19] [20] [21] for earlier predictions. There is another recent [22] phenomenological study of the SM prediction, which finds R SM D * = 0.262 ± 0.010. Lattice computations of the B → D form factors [20, 21, 23 ] allow a precise determination of R D ; e.g. Ref. [21] get R D = 0.299 ± 0.011. No complete lattice results for the B → D * form factors are so far available; an existing study [24] only tackles the form factors at the end-point. On the lattice, the B → D * transition is significantly more involved because it has four form-factors rather than two for B → D. Also, the D * undergoes strong (and electromagnetic) decay further complicating a study. For these reasons, from the lattice perspective, the B → D * uncertainties should be appreciably bigger compared to the B → D case. Nevertheless, using heavy quark effective theory and measured B → D ( * ) ν decay distributions seem to lead to controlled predictions also for R D * [17, 18, 22] . Bearing all this in mind, in our study we will take the SM prediction to be, (R Note that for now the experimental uncertainties are considerably larger than the theory uncertainties on the SM predictions. The combined difference of measurements and SM predictions is stated to be ≈ 4.1σ [15] .
The most significant enhancements of R D ( * ) are seen in the BaBar analyses [7, 8] . The other results also show enhanced R D ( * ) , but are less significant, especially from Belle [9] [10] [11] [12] [13] . In fact, recent Belle [1, 13] and LHCb [15] results obtained by using τ decays to hadron(s) +ν tend to deviate considerably less from the SM prediction. This may be especially significant as such hadronic decays of tau entail only one neutrino rather than two into the leptonic modes and so may be cleaner systematically. Be that as it may, these experimental results seem to suggest lepton flavor universality violation (LFUV) and therefore have received much attention as a possible hint of NP; see e.g. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] for model-independent studies and for recent discussions of specific NP models. While the deviations may well be due to lack of statistics and/or systematic or theoretical issues that need [36] further understanding, we take them at face value and explore the potentially exciting theoretical consequences. In this context, it is useful to remind ourselves that the common folklore does not expect new phenomena to first show up in such simple tree-level decays. The widely held belief has been that in flavor-changing neutral current (FCNC) transitions, wherein one is able to access very short-distance physics because of the uncertainty principle, effects of NP are expected to show up first. Thus, one is led to ponder what is so special about these semi-leptonic decays. In the following, we take the hint of these tree-level decays into account in motivating a NP model.
We address two important issues that these interesting findings indicate. First, it is clearly of paramount importance that more experimental information be accumulated to solidify these findings as soon as possible. While the ongoing B-experiments at LHCb and the forthcoming Belle II will clearly be addressing these, here we propose a completely model-independent class of searches that the LHC experiments at the high-energy frontier, i.e. ATLAS and CMS, can do to enlighten us on these anomalies. The underlying reaction in the B-experiments that indicates the anomalous behavior is the weak decay, b → cτ ν, which is CKM-suppressed in the SM. Therefore, in complete generality (i.e. without recourse to any specific NP model), we also expect anomalous behavior in the basic reaction, gc → bτ ν, where g is the gluon, in pp collisions. This robust connection empowers collider experiments to complement the aforementioned B-experimental studies and search directly for the signals of NP.
Second, since these decays involve the τ and b, both members of the third fermion family, it might have a deeper meaning. In fact, a pressing problem in Particle Physics is presented by the third family, namely, the top quark which makes the dominant contribution to the selfenergy of the Higgs boson and consequently is intimately related to the Higgs radiative stability and the naturalness problem of the SM. A famous candidate for addressing the naturalness problem is, of course, supersymmetry (SUSY). However, given the null results in direct SUSY searches at the LHC so far [69] , SUSY solutions to naturalness have become less elegant. In a drive for simplicity and minimality we assume that only the third generation is effectively supersymmetric at the low-scale. An important consequence of this minimal construction is that constraints on R-parity violating (RPV) couplings from proton decay get relaxed.
An extremely attractive feature of SUSY is gauge coupling unification. We explicitly show that the minimal version of effective SUSY that we are invoking does indeed retain this unique attribute. The added advantage of this scenario is that it provides a simple solution to the R D ( * ) puzzle alluded to above, and also alleviates the naturalness problem of the SM and the flavor and CP problems of the minimal supersymmetric SM (MSSM).
MODEL-INDEPENDENT COLLIDER ANALYSIS
There is an important and unique collider signal directly implied by the R D ( * ) anomaly. At the parton level, the reaction b → cτ ν necessarily implies by crossing symmetry that the process gc → bτ ν should also take place at the LHC. At low energies, the effective 4-fermion Lagrangian for b → cτ ν in the SM is given by
where G F is the Fermi constant, P L ≡ (1 − γ 5 )/2 is the left-chiral projection operator, and V cb ≈ 0.04. In the SM, the gc → bτ ν rate is also CKM-suppressed by |V cb | 2 , while in a generic NP scenario, this need not be the case, which might make it possible for the NP signal to be observable above the SM background at the LHC. The same final state also arises in gu → bτ ν, which is suppressed by |V ub | 2 , but enhanced by the u-quark density in the proton.
In a realistic hadron collider environment, one must consider other potential backgrounds, such as (i) the charged-current process pp → jW → jτ ν, where j stands for a light quark (or a gluon) jet misidentified as a b-quark jet,
(ii) pp → W → τ ν, with an initial state radiation of gluon which is then split into bb and one of the b-quarks is lost, (iii) the single-top production pp → tj → bτ νj and pp → tW → bτ νjj, where the jet(s) are lost, and (iv) pp → bbj, where one b-quark is misidentified as a τ -lepton and the light jet is lost (i.e. misidentified as missing transverse energy).
The b-jet misidentification rate at the LHC typically varies between 1-10%, depending on the b-tagging efficiency [71] . We will assume a b-tagging efficiency of 70%, for which the probability of light-parton misidentification as a b-quark is about 1.5%. Similarly, the probability that one or more jets (including the b-jets) are lost in the detector and that a b-quark is misidentified as a τ -lepton are both assumed to be at the percent level [72, 73] . Combining all of this and imposing basic trigger cuts on the lepton and jet transverse momenta p j,b, T > 20 GeV, missing transverse energy / E T > 20 GeV, pseudo-rapidity |η j,b, | < 2.5 and isolation cuts ∆R j, b,jb > 0.4 on simulated events obtained using the MadGraph5 event generator [74] (with the sm-lepton masses and taudecay UFO models to properly handle the τ decays), we find the cross section for the total SM background at with = e, µ) 2 , where the dominant contributions come from the pp → W j and pp → bbj channels.
As for the NP contribution, we consider the following dimension-6 four-fermion operators [33] :
The amplitudes for the collider process gc → bτ ν are suppressed by g NP /Λ 2 , where g NP denotes the effective NP coupling in the contact interaction and Λ is the NP scale. For a typical choice g NP /Λ 2 = (1 TeV) −2 , we obtain a signal cross section for pp → bτ ν → b + / E T of σ V 1.1 pb for the vector case and σ S 1.8 pb for the scalar case, both at √ s = 13 TeV LHC. These cross section estimates imply that even without using any specialized selection cuts to optimize the signal-to-background ratio, the NP signals associated with the R D ( * ) anomaly may be directly probed at 3σ confidence level for mediator masses up to around 2.4 (2.6) TeV in the vector (scalar) operator case with O(1) couplings at √ s = 13 TeV LHC with an integrated luminosity of 300 fb −1 .
The signal-to-background ratio can be improved in various ways. For instance, simple kinematic distributions, such as the transverse momentum of the outgoing b-quark (or of the final lepton) and the invariant mass of the b quark and lepton system (see Fig. 1 ), can be used to distinguish the NP signals from each other and from the SM background for different NP operators. Furthermore, imposing stringent cuts like p b T > 100 GeV and M b > 100 GeV could drastically reduce the SM background, without significantly affecting the signal (see Fig. 1 ), especially in the vector case, potentially enhancing the LHC sensitivity to even higher mediator masses. Similarly, increasing the / E T cut to 100 GeV will significantly reduce the SM background, including the mis-measured dijets, without much signal loss, as can be seen from Fig. 1 . For illustration, we show in Tab. I the individual cut efficiencies of the signal and background for three representative values of the kinematic cuts for the four kinematic observables considered in Fig. 1 (taken one at a time). A detailed cut optimization study with all these (and possibly more) variables taken together could be done, e.g. using a multivariate analysis or a Boosted Decision Tree algorithm, which is probably best dealt with by experimentalists possessing the relevant expertise.
The new collider signal pp → bτ ν proposed here would be a powerful model-independent check of the R D ( * ) anomaly 3 and would imply a directly accessible mass range of the associated NP at the LHC. Further distinctions between the NP operators (5)-(6) could in principle be made using the tau polarization measurements, both in the LHC experiments [75] and in B-physics experiments [12, 35, 38, 76, 77] . But a detailed discussion of this, including a more realistic collider simulation with all detector smearing effects, is beyond the scope of this paper and might be studied elsewhere.
MINIMAL SUSY WITH RPV
As Higgs naturalness involves the third family fermions, we propose an economical setting, where only the third family is effectively supersymmetrized, with the corresponding sfermions and all gauginos and Higgsinos close to the TeV scale. The correction to the Higgs mass from the top-quark loop is canceled by the light stop contribution. The first two generation sfermions can be thought of being decoupled from the low-energy spectrum as in [78, 79] , and RPV arises naturally in this setup [78] .
Despite the minimality of this setup, one of the key features of SUSY, namely, gauge coupling unification is still preserved, as shown in Fig. 2 . Here we show the renormalization group (RG) evolution of the inverse of the gauge coupling strengths α 4 Coupling unification occurs regardless of whether only one, two, or all fermion families are supersymmetrized at low scale, which only shifts the unified coupling value, but not the unification scale. This is valid, even in presence of RPV, as long as the gaugino and Higgsino sectors are not much heavier than the third family sfermions.
In SUSY models, the Higgs mass parameter is related to the various sparticle masses. Requiring the absence of fine-tuned cancellations generically leads to upper bounds on sparticle masses. The Higgsino should not be heavier than a few hundred GeV, the stop mass should be well below a TeV and the gluino mass should not be far above a TeV [79, 82] . Bounds on other sparticle masses are considerably weaker. Nevertheless, also first and sec-ond generation sfermions are constrained from their twoloop contributions to the Higgs and Z masses. A natural spectrum with less than 10% tuning should have first and second generation squarks 10 TeV [83] . Allowing for 10 −2 or even 10 −4 tuning, bounds can be relaxed substantially. Thus, from the phenomenological point of view, we can decouple the first and second generation from the collider and flavor physics aspects being considered here.
B-ANOMALIES AND CONSTRAINTS
To explain the R D ( * ) anomaly in the minimal RPV SUSY setup, we consider the λ -couplings (see [49, 54, 84] for related studies):
Working in the mass eigenbasis for the down-type quarks and assuming that sfermions are in their mass eigenstates, we obtain the following four-fermion operators at the tree-level after integrating out the sparticles (see also [54] )
where we only show the terms relevant for the following discussion. These operators are of type O V L in (5) and the NP scale Λ is given by the squark masses. Note that the NP scale in the first three terms is given by the mass of the sbottom right, while in the last term it is given by the mass of the stop left. These two masses are not necessarily related and we will consider them as independent model parameters. Naturalness arguments suggest that the stop mass should be below 1 TeV for tuning of O(10 −2 ); if, on the other hand, we can tolerate tuning to say around ≈ 10 −4 , the stop mass can be about 10 TeV. Given the above Lagrangian, the RPV scenario will lead to the collider signals discussed in the previous section with distributions given for the vector case. The operators are SM-like, but the deviation in the distributions in Fig. 1 is due to the heavy mediator.
Since we consider only light third family sfermions and want to explain the B-anomalies which requires at least one of the d-flavors to be a b-quark and the lepton to be of tau flavor in (8), we will be interested in the λ 3j3 (with j = 1, 2, 3 and other indices set to 3). For simplicity we take all λ couplings as real.
The sbottoms with RPV couplings can contribute to R D ( * ) at the tree level. The corresponding 3rd term in the effective Lagrangian in (8) has the same chirality structure as in the SM, implying that the new physics effect is a simple rescaling of the B → D ( * ) τ ν decay rates. We find
where v = 246 GeV is the Higgs vev. Combining the SM predictions with the experimental world average taking into account the correlated uncertainties, we find the following best fit value in our scenario
In Fig. 3 we show in a few benchmark scenarios regions of parameter space in planes of the sbottom mass vs. RPV couplings that can accommodate the discrepant R D ( * ) results at the 1σ, 2σ, and 3σ level in green. Also shown are the most important additional constraints. Strongly related to R ( * ) D is the decay B → τ ν [36] that also receives tree level contributions from sbottom exchange. We find
Note that the term proportional to λ 313 is strongly enhanced by CKM factors. The most important parametric input for the SM prediction of B(B → τ ν) is the B meson decay constant f B and the absolute value of the CKM matrix element V ub . Using f B = (0.191 ± 0.007) GeV from [85, 86] and V 
in good agreement with the experimental average [16] B(B → τ ν) exp = (1.06 ± 0.19) × 10 The 2σ constraint from B(B → τ ν) is shown in Fig. 3 in red. As one expects, B → τ ν strongly constrains the coupling λ 313 . The decay modes B → πτ ν and B → ρτ ν probe the same quark level transition as B → τ ν, but we find that they give weaker constraints throughout the interesting parameter space.
Additional important constraints arise from the rare FCNC decays B → Kνν and B → πνν. In the SM, the branching ratios are strongly suppressed [88, 89] 
Currently only upper bounds on these branching ratios are available. At 90% confidence level one has [90, 91] 
These bounds give strong constraints on the RPV parameters, as the sbottoms with RPV couplings can contribute to the decays already at the tree level. We find
where X t = 1.469 ± 0.017 [88] is a SM loop function. These decays put strong constraints on the λ 313 and λ 323 couplings, respectively. This is shown in Fig. 3 by the black hatched regions.
We also consider constraints from direct searches for RPV sbottoms at the LHC. In particular, we consider the pair production of the sbottoms pp →bb followed by decays through the RPV coupling λ 333 ,b → tτ . We use the the CMS analysis [92] of pp → τ + τ − tt to put constraints in the mass-coupling plane. We find that this analysis leads to a lower bound on the sbottom mass of mb At the loop level, sizable corrections to Z and W couplings involving left-handed tau leptons arise in our setup. The dominant effects come from loops involving sbottoms and top quarks that are proportional to the top quark mass. All other Z and W couplings are not affected significantly. We find
where = e, µ, s W is the sine of the weak mixing angle, and the loop functions are given by
In the leading log approximation, the above expressions are consistent with the results in [93, 94] . The Z couplings to leptons have been measured at the few permille level at LEP and SLD. Using the results from [95] , we profile over the unaffected couplings taking into account the reported error correlations and obtain
6 We thank Paride Paradisi for pointing this out.
The best constraints on the W couplings to taus in our scenario are obtained from measured tau decay rates compared to the muon decay rate. Taking into account the error correlations of measurements of leptonic and semi-hadronic decays reported in [16] , we find
The corresponding constraints on the RPV parameter space are shown in the plots of Fig. 3 by the white hatched contours. Parameter space to the top left of the contours is excluded. We find that in particular the Z couplings lead to strong constraints in our scenario. In addition to the shown constraints, we also considered effects of RPV sbottoms on rare Kaon decays K → πνν, leptonic charm decays D → τ ν and D s → τ ν, and hadronic tau decays τ → Kν and τ → πν. While these decays probe complementary combinations of the λ 3i3 couplings, we find that they do not lead to any relevant constraints in the scenarios we are considering. Also the B c lifetime [41, 52] does not lead to relevant bounds as the contributions from the RPV sbottoms to B c → τ ν are not chirally enhanced with respect to the SM. We also checked that the remaining parameter space shown in Fig. 3 is consistent with other constraints on RPV couplings from various low-energy precision observables [96] .
In our setup, we generically also expect NP effects in processes like bb → τ τ and b → sτ τ , coming from the tree level exchange of stops. The corresponding couplings of the stop to bottom and leptons are related by SUSY to those of the sbottom with tops and leptons. The stop and sbottom masses, however, are independent parameters. The results of [70] indicate that for a coupling of λ 333 ∼ 2, the bb → τ τ process constrains the stop mass around mt 500 GeV. Constraints from b → sτ τ are considerably weaker than the corresponding ones from b → sνν decays, given the poor experimental sensitivity to the decays with taus in the final state.
Overall, to explain the R D ( * ) anomaly at 1σ, large values of λ 333 ∼ 1 − 2 are required for sbottom masses compatible with direct LHC searches. For such large λ 333 at the TeV scale, this coupling develops a Landau pole below the GUT scale. In Fig. 3 , the position of the Landau pole in GeV is indicated by the dotted blue lines, which are obtained by numerically solving the coupled system of 1-loop RGEs of the λ 333 coupling [80] , the top Yukawa, and the three gauge couplings in the presence of one generation of light sfermions. Perturbativity up to the GUT scale requires λ 333 1. Also the Z coupling constraints limit effects in R D ( * ) . In the viable parameter space the R D ( * ) anomaly can reasonably well be resolved especially in view of the largish experimental errors that exist up to now.
In Fig. 4 we map the allowed regions of parameter space into the R D vs. R D * plane. This mapping is possible as the NP effect is a simple rescaling of the SM [17] and [22] but the error to be the full spread between [22] and a previous determination [18] . In green we show the experimental world average from [16] at 1, 2, and 3σ. The blue region spans R D = (0.254, 0.371) and R D * = (0.220, 0.320) and shows values that can be obtained in our setup consistent with all above-mentioned constraints. To obtain this region we scan the sbottom mass between the lower experimental bound of mb > 680 GeV up to mb < 1 TeV. The RPV couplings are varied in the ranges 0 < λ 333 < 2, −0.1 < λ 323 < 0.1, and −0.3 < λ 313 < 0.3. We impose all the constraints discussed above. The blue points correspond to RPV couplings that remain perturbative up to the GUT scale. Relaxing this requirement and allowing the λ 333 coupling to develop a Landau pole before the GUT scale does not lead to larger effects in R D ( * ) , given the constraints from Z couplings.
DISCUSSION
The same RPV couplings that generate the desired effects in R D ( * ) also generate a neutrino mass through the bottom-sbottom loop [97] :
For mb ∼ 1 TeV and λ 333 ∼ O(1), we get m ν ∼ 0.1 MeV. This contribution could be avoided if the trilinear coupling A b and the term µ tan β in (26) cancel each other precisely. Another option to get sub-eV scale neutrino masses is to invoke cancellations between the λ induced contributions and other unrelated contributions to neutrino masses. These additional contributions could either arise at the tree level or the loop level. Tree level contributions can originate e.g. from a standard see-saw mechanism with heavy right-handed neutrinos, or from neutralino-neutrino mixing due to bilinear RPV terms. At the loop level additional λ ijk L i L j E c k terms in the RPV Lagrangian could contribute to neutrino masses, e.g.
The stau mass and the λ k33 couplings can be chosen such that ∆M λ ν,ij = −∆M λ ν,ij . Note that appropriately chosen λ ijk couplings could also explain the (g − 2) µ anomaly [98] . Also note that the RPV cou-
k should be explicitly forbidden, e.g. by imposing baryon triality [99] , to avoid rapid proton decay [100, 101] .
We would also like to comment on the possibilities to address another hint for LFUV in the rare B meson decays based on the b → s + − transition. The LHCb collaboration measured the ratios
B(B → K * e + e − ) .
(28) and finds [102, 103] 
where the superscript corresponds to the di-lepton invariant mass bin in GeV 2 . The SM predictions for R is slightly below 1, mainly due to phase space effects.
Our RPV setup allows for two qualitatively different contributions to b → s + − decays: at tree level one finds contributions from integrating out the left-handed stop; at the 1-loop level also the right-handed sbottom can contribute, in analogy to the scalar leptoquark considered in [44] . The tree level contribution is captured in the effective Lagrangian (8) . It contains a right-handed down-type quark current and therefore predicts that a suppressed R K is correlated with an enhanced R K * and vice versa [105] , in conflict with the findings by LHCb. The 1-loop contribution has the correct chirality structure and can in principle suppress both R K and R K * . However, it has been pointed out in [54, 106] that the loop contribution typically does not give appreciable effects in b → s transitions once constraints from other low energy data are taken into account.
A detailed study would be required to ascertain whether or not the discussed RPV SUSY framework con-tains additional contributions to b → s that could simultaneously accommodate all the hints for LFUV in rare B decays. We have proposed a model-independent collider signal of the form pp → bτν τ , pp → b ν that should be searched for at the LHC as soon as possible to verify the anomaly. Taking the reported deviations from the SM at face value, we also point out that there is the exciting possibility that the origin of the anomalies might be related to the naturalness of the Higgs boson in the SM. In particular, we discussed a minimal (i.e. involving only the third generation), effective RPV-SUSY scenario as the underlying cause, and identified the parameter space of the RPV couplings and sbottom mass that could explain the R D ( * ) anomaly, while being consistent with other experimental constraints, as well as preserving the gauge coupling unification.
